The interactions between gold nanoparticles modified with mercaptoacetate and a cationic polyelectrolyte, poly (dimethyldiallylammonium chloride) (PDC) have been investigated. As a comparison, a system containing the modified gold nanoparticles and a cationic surfactant, hexadecyltrimethylammonium bromide (HTAB) is also studied. The average sizes of the modified gold nanoparticles used are 5.7 and 12.9 nm, respectively. Most of experiments have been performed under a fixed concentration of the modified gold nanoparticles with various PDC concentrations at pH 3 and 8. UV-vis spectroscopy and transmission electron spectroscopy reveal that at pH 8, the modified gold nanoparticles with small size are gradually aggregated with an increase of PDC concentration, whereas those with large size are aggregated at low PDC concentration, but at higher PDC concentration the gold nanoparticles are well separated. At pH 3, the modified gold nanoparticles for both sizes show a dispersion-flocculationredispersion sequence. These interactions are predominantly induced by the electrostatic attractions between negatively charged nanoparticles and positively charged PDC which are affected by pH. In the case of the modified gold nanoparticles-HTAB system, the modified gold nanoparticles show a dispersion-flocculation-redispersion sequence. The redispersion occurs by the formation of HTAB bilayer on the nanoparticles.
Introduction
Mixtures of solid particles and polymers are commonly used in a large number of industrial applications such as paper making, paints, coatings and ceramic processing, etc. Generally, the interactions between polymers and particles are that macromolecules can enhance or alter the stability of a particle suspension".
For micrometric particles, the main topics studied in the past were mainly kinetics of adsorption and structures of the adsorbed layers of polymers2).
Recently, the technologies in the nano region are progressing quickly. So, the interaction between nanoparticles and polymer in which the size of polymer is larger than that of nanoparticles is one of the important research topics3). Due to the very small size of the solid particles, an adsorbing chain can easily collect several particles in a stable multiplet. When the solid fraction is very low, the interaction between solid particles and polymers leads to some cross-linked or flocs formation'''). The charge of the two components are the key parameters controlling the structure and properties of this association. Also, the information of these interactions provides an insight into the deposition of layer-by-layer containing nanoparticles'). In this study, we investigate the interactions between thiol-modified gold nanoparticles and a polyelectrolyte, poly (dimethyldiallylammonium chloride) where the hydrodynamic diameter of the latter is considerably larger than that of the former. This mixed system is oppositely charged one where the thiol-modified gold nanoparticles are negatively charged and the polyelectrolyte is positively charged. photometer with a quartz cell 1 cm long. DLS measurements were performed using a Photal dynamic laser scattering spectrometer DLS-7000 (Otsuka Electronics
Co., Ltd.) equipped with an Ar ion laser and a He-Ne laser. TEM observation was made for the samples dried on carbon-coated copper grids. A Hitachi H-9000 NAR was used at accelerating voltage of 200 kV and direct magnification of 100,000 x. Size distribution of the nanoparticles was determined from about 100 particles. 'H-NMR spectra were measured using a JEOL JNM-LA 400. Zeta potentials of gold nanoparticles were measured using a Laser zeta potential apparatus ELS-8000 (Otsuka Electronics Co. Ltd.).
3.Results and Discussion
Before studying the interaction between thiolmodified gold nanoparticles and PDC, it is necessary to characterize the physicochemical properties of thiolmodified gold nanoparticles.
As shown in Fig. 1 ting that all of the thiol molecules are bonded with the gold nanoparticles and the surface of the nanoparticles is covered with-COO-Nat Figure 2 shows UV-vis spectra of thiol-modified gold nanoparticles in various aqueous pH solutions. In Fig. 2 ( a ), in the case of molar ratio of HAuC14 and sodium mercaptoacetate =1: 3, a plasmon band is not apparently observed due to small particle size, but the absorbance of the spectra increases with pH. On the other hand, in Fig. 2 ( b ) (Au: thiol =1: 0.1) a plasmon band is distinctly observed and the absorbance of the plasmon band increases with pH from 5 to 10, whereas at pH 3 and 4, the absorption of the samples is very low due to precipitation of the gold nanoparticles. Thus, it is found that the nanoparticles become dispersed well when the pH increases. This result can be correlated with the surface charge of thiol-modified gold nanoparticles. Actually, Figure 3 shows that the thiol-modified gold nanoparticles are negatively charged in a wide pH region and the zeta potential is gradually decreased with an increase of pH. Thus, the dispersion stability of the thiol-modified gold nanoparticles is strongly affected by the surface charge of the nanoparticles9); when the pH is lowered, the electrostatic repulsion between the nanoparticle decreases, resulting in the formation of aggregated nanoparticles.
On the other hand, since the electrostatic repulsion increases due to dissociation of carboxyl groups on the nanoparticles at higher pH, the nanoparticles are well dispersed.
The interactions between the thiol-modified gold nanoparticles and PDC at pH 3 and 8 were investigated for the mixed systems containing a constant gold nanoparticle concentration (0.5 mmol dm') and various concentrations of PDC. Figure 4 shows UV-vis spectra of thiol-modified gold nanoparticles-PDC SHIKIZAI mixed system at pH 8. In Fig.4 (a) , it seems that since the absorbance increases gradually with an increase of the PDC concentration (Au: thiol 1:3), the growth of aggregation of gold nanoparticles with PDC by electrostatic attraction force takes place only slightly.
On the other hand, in the case of Au: thiol= 1: 0.1 (Fig.4 (b) ) the UV-vis spectra of thiol-modified gold nanoparticles by addition of PDC changed markedly; by addition of 0.001 g dm-3 PDC a broad absorption band at around 560 nm is obtained and its band extends to higher wavelength. A further addition of 0.005 and 0.01 g dm' PDC increases the absorbance at 560 nm. Similarly, the interactions between the modified gold nanoparticles and HTAB were studied at pH 8 where the molecular size of HTAB is smaller than the modified gold nanoparticles. Figure 7 shows UV-vis spectra of modified gold nanoparticles-HTAB mixed systems. In the case of Au : thiol =1 : 3 ( Fig. 7 ( a ) ) , broad absorption bands extending to higher wavelength are observed by addition of 0.001-0.05 mmol dm-3
HTAB. By addition of 0.1 and 0.5 mmol dm-3 HTAB, the modified gold nanoparticles are sedimented. However, by addition of 1 mmol dm-3 HTAB, the absorption band is very similar to that without HTAB. This process shows a dispersion-flocculation-redispersion consequence10" . From Fig. 7 ( b) , it can be seen that by addition of HTAB at lower concentration the modified nanoparticles are aggregated to some extent and they are sedimented by addition of 0.005-0.05 mmol dm-3 HTAB, and finally become redispersed by a further addition of HTAB more than 0.1 mmol dm-3. These results can be interpreted by a view that at low HTAB concentrations HTAB adsorbs onto the modified nanoparticles, orienting its hydrocarbon chain to the aqueous phase, resulting in the flocculation of the nanoparticles.
A further addition of HTAB makes the nanoparticles redispersed by the formation of bilayer of HTAB on the nanoparticles''"). These mechanisms for particle dispersion have been reported using systems containing inorganic particles and conventional ionic surfactants"). This change is interpreted by a formation of monolayer/bilayer of HTAB on the modified gold nanoparticles.
